■ INTRODUCTION
As the size and energy density of rechargeable lithium batteries continue to be pushed to the limit, the safety of the technology is of growing concern.
1,2 Solvent-free polymer electrolytes (SPEs) are of considerable interest as they offer improved thermal stability and reduced flammability compared to that of conventional organic solvent electrolytes. 3, 4 The vast majority of research in the field of SPEs has focused on polyethers such as poly(ethylene oxide) (PEO), 5−8 which form stable complexes with alkali metal ions such as Li + . 9−11 Amorphous mixtures of PEO and lithium salts exhibit reasonable ionic conductivities on the order of 10 −3 S/cm at 90°C. Substantial effort has been directed toward improving the conductivity of PEO through the incorporation of nanoparticles, 12 −15 plasticizers, 16−22 or a second polymer blended into the PEO matrix. 21, 23, 24 Alternative approaches involve altering the chemical structure of PEO by adding crosslinks, 25−27 changing the monomer chemistry, 28−30 incorporating comonomers into the PEO backbone, 31−33 and modifying the architecture of the polymer chain. 27,34−36 However, these materials have not resulted in significant improvement of electrolyte performance or commercial impact, due in part to limited understanding of the molecular mechanisms underpinning ion transport.
We recently identified that the addition of groups that do not interact with the lithium ion can dilute and alter the sites in which a lithium ion can be solvated, leading to overall reductions in ionic conductivity. 37, 38 For a set of polyesters, the significantly higher conductivity of PEO relative to that of a set of polyesters was explained using the concept of solvationsite connectivity, quantified using molecular simulation by the number and proximity of solvation sites in the polymer matrix. 37 For a series of polyethers, a low density of solvation sites resulted in slow rates of lithium ion hopping. 38 The role of spacing between coordinating centers has also been alluded to recently in the context of poly(ether−thioethers). 39 In this work, we use experiments and simulations to quantify the relationship between conductivity and solvation-site connectivity in a set of polyethers in which ethylene oxide (EO) segments are regularly interrupted with carbon linkers of varying lengths (Figure 1 ). The polymers, labeled as C x EO y , are distinguished by x, the number of carbon atoms in the carbon linker, and y, the number of consecutive EO monomers in the PEO segment. We show that the conductivity of C x EO y electrolytes can be calculated using the known conductivity of PEO electrolytes and a multiplicative correction factor that depends only on oxygen mole fraction. The same correction factor applies to the entire set of electrolytes, irrespective of temperature and salt concentration. Simulations show that introducing carbon linkers of varying lengths and frequencies affects solvation-site connectivity. The experimentally determined correction factor is shown to arise due to this connectivity.
■ EXPERIMENTAL AND SIMULATION METHODS
Polymer Synthesis and Characterization. We synthesized the polyethers shown in Figure 1 via acyclic diene metathesis (ADMET) polymerization, 33 followed by hydrogenation with Crabtree's catalyst ( Figure 2 ). The diene-terminated monomers were synthesized in one step from the facile substitution reaction of the commercially available poly(ethylene glycol) (PEG) oligomers (tri-or tetraethylene glycol) with allyl bromide and 5-bromo-1-pentene to yield the C 2 EO y and C 6 EO y monomers, respectively. The C 4 EO y monomers were synthesized by mesylating PEG oligomers first and subsequently reacting with 3-butene-1-ol. This alternative procedure was used because the elimination reaction between PEG oligomers and 4-bromo-1-butene significantly lowered the yields of the desired product. The C x EO y monomers were then polymerized with Grubbs' firstgeneration catalyst. The Grubbs' catalyst was used because of its high functional group tolerance and reduced propensity for olefin isomerization reactions. 40 The synthesized unsaturated polyethers were hydrogenated using Crabtree's catalyst to yield the saturated polyethers for this study.
The C x EO y polymers synthesized in this study are characterized with gel permeation chromatography (GPC) for the number-averaged molecular weight (M n ) and polydispersity index (Đ). Thermal properties of the C x EO y polymers are measured with differential scanning calorimetry. The results are summarized in Table 1, along with the properties of PEO, which was commercially purchased from Polymer Source. The M n s of the polymers range between 4.7 and 19.0 kDa (Table 1) ; in this range we expect ionic conductivity to be Figure 1 . Structure of the C x EO y polyethers synthesized and characterized in this study. The naming convention specifies x, the length of the carbon linker, and y, the number of consecutive EO monomers on each segment. Figure 2 . Synthesis of C x EO y monomers and polymers via acyclic diene metathesis (ADMET) polymerization followed by hydrogenation. independent of M n . 41 The reactivity of the monomers showed some dependence on the number of carbons in the linker with the longest linker (C 6 ) yielding the polymer with highest M n . This trend is consistent with the literature on ADMET polymerization of oxygencontaining dienes using Schrock-type catalysts. 42, 43 The glass transition temperatures, T g , of C 2 EO 4 (−72.8°C) and C 2 EO 5 (−67.0°C) are lower than that of PEO (−60.0°C) likely due to the increased chain flexibility of the carbon linkers. The level of crystallinity in the neat C 4 EO y and C 6 EO y precluded the observation of a T g , but we expect that those values would decrease as the linker length increases. All of the C x EO y polyethers synthesized have a significantly lower T m relative to PEO.
The mole fraction of oxygen, x 0 , in each polymer is calculated according to eq 1:
oxygen atoms in repeat unit total atoms in repeat unit 0
The number of atoms in the repeat unit excludes hydrogen atoms.
Values for x 0 for each polymer are shown in Table 1 . Experimental Characterization. Electrolyte preparation is performed inside of an argon glovebox (MBraun) in order to maintain water and oxygen levels below 1 and 10 ppm, respectively. The polyethers synthesized in this study, along with PEO, are dried under vacuum at 90°C for 12 h prior to entering the glovebox. Mixtures of polymer and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt (Novalyte) are dissolved in anhydrous dimethylformamide (DMF) and stirred at 90°C for a minimum of 3 h to form a homogeneous solution. The DMF is then evaporated from the solution, and the polymer/salt mixture is transferred to the glovebox antechamber and dried under vacuum for 8 h at 90°C to remove any excess solvent. Electrolytes are prepared at varying salt concentrations, ranging from r = 0.06 to r = 0.14, where
is the molar ratio of lithium ions to ether oxygens. Electrolytes for C 4 EO 5 , C 4 EO 4 , and C 6 EO 5 at r = 0.14 were not prepared due to limited material.
Stainless steel symmetric cells are prepared for ionic conductivity measurements of electrolytes using ac impedance spectroscopy. Samples are made by pressing the polymer electrolyte into a 254 μm thick silicone spacer and sandwiching between two 200 μm stainless steel electrodes. With the exception of crystalline PEO, all electrolytes are in the form of highly viscous liquids and are soft enough to be pressed at room temperature. The silicone forms a good seal with stainless steel, thereby preventing the electrolytes from leaking out of the cell during characterization. A micrometer is used to obtain the thickness of the electrolyte by measuring thickness of the cell and subtracting the thickness of the electrodes. Aluminum tabs are secured to the electrodes to serve as electrical contacts. The assembly is vacuum sealed in a laminated aluminum pouch material (ShowaDenko) before removing from the glovebox for electrochemical characterization.
All reported conductivity results are based on ac impedance spectroscopy performed with a Biologic VMP3 potentiostat which acquires complex impedance measurements for a frequency range of 1 Hz−1 MHz at an amplitude of 80 mV. The low-frequency minimum on the Nyquist impedance plot is taken to be the electrolyte resistance, R, which is used along with electrolyte thickness, l, and electrolyte area, a, to calculate the electrolyte conductivity, σ, according to eq 2:
The inner diameter of the spacer, 3.175 mm, is used to calculate a. Thickness, l, is taken to be the final thickness of the electrolyte, measured after conductivity measurements are completed. On average, the electrolyte thickness decreased 3.5% after annealing. The symmetric cells are disassembled to allow for visual inspection of the electrolyte. Any samples that exhibited bubbles or voids in the polymer are discarded from the set, as such defects would alter the electrolyte volume and produce inaccurate conductivity results. Fewer than 5% of samples prepared in this study exhibited such characteristics. The conductivity for each electrolyte is determined by averaging the results from three different samples, and the error bars signify the standard deviation of these measurements. The conductivity of the neat polymer is subtracted from that of the saltcontaining electrolytes to account for ionic impurities that may be present. The conductivity at r = 0 at 90°C was below 10 −5 S/cm for all of the polymers in this study.
DSC experiments are performed on a TA Instruments DSC Q200 instrument to obtain the T g and T m of each electrolyte. DSC samples are prepared inside of the glovebox, where aluminum pans are filled with 1−5 mg of electrolyte and hermetically sealed before removing from the glovebox. The following protocol is used for the temperature scan: heat to 110°C at 20°C/min, cool to −90°C at 5°C/min, and heat to 110°C at 20°C/min. Values for T g and T m are obtained from the second heating scan. DSC measurements are repeatable within 1.0°C . Molecular Dynamics Simulations. All MD simulations employ a united atom force field, with bonding parameters taken from CHARMM 44 and all other parameters taken from the TraPPE-UA force field;
45 compatible lithium ion parameters are obtained from a previous simulation study. 46 Force field parameters used in this study are provided in SI-2. All simulations are performed using the LAMMPS simulation package 47 with GPU acceleration. 48 , 49 The equations of motion are evolved using the velocity-Verlet integrator with a 1 fs time step. Particle−particle−particle mesh Ewald summation 48 is used to compute all nonbonded interactions beyond a 14 Å cutoff. The Nose−Hoover (100 fs relaxation) and Nose− Hoover barostat (1000 fs relaxation) are used in all simulations to control the temperature and pressure.
Two sets of simulations are performed for the C x EO y polymers. For polymers with x = 2, 4, and 6 and y = 3−8, neat-polymer simulations are used to obtain polymer properties and solvation-site connectivity metrics. For polymers with x = 2 and y = 3−8, simulations of a single lithium cation diffusing in a polymer are used to investigate the lithium ion solvation environment.
For the neat-polymer simulations, four independent copies of the simulation cell are generated for each polymer studied. Each copy consists of a single, long polymer chain (M n ∼ 25 kg/mol) with an initial configuration generated via a self-avoiding random walk. For the ion-containing simulations, the same procedure is used, except that a single lithium cation is randomly placed in the simulation cell, and the total charge of the system is neutralized with a uniform background charge. 50 To generate starting configurations for MD production runs, the systems are equilibrated in five steps. In step 1, the initial configuration is relaxed for 10 000 steps with nonperiodic boundary conditions using steepest descent energy minimization with the maximum atom displacement limited to 0.1 Å for any given step. In step 2, the system is annealed at 726.85°C with periodic boundary conditions using 100 000 steps of Langevin dynamics with a 100 fs damping factor. In step 3, the simulation cell is adjusted at a constant rate over 500 ps at 226.85°C to achieve a cubic simulation cell with a density of 1.0 g/cm 3 . In step 4, the system is annealed for 1.5 ns at 226.85°C and 1 atm. In step 5, the system is equilibrated for 10 ns at 90°C and 1 atm. A similar protocol was employed in ref 38 .
Following equilibration, production runs of 10 ns for the neatpolymer simulations and of 150 ns for the ion-containing systems are performed at 90°C and 1 atm.
■ RESULTS AND DISCUSSION
Experimental Characterization. The ionic conductivity, σ, of the C x EO y polyethers and PEO was measured as a function of temperature, T, in the range of 27−110°C. Figure 3 shows the results at a fixed salt concentration, r = 0.08, which is in the vicinity where PEO conductivity is maximized. 5 Results from Figure 3 indicate that the σ of the C x EO y polyethers are within 1 order of magnitude of PEO at all temperatures. The relative ordering of the polymers does not change significantly as T is varied. We observe that at any given T C 2 EO 5 and PEO exhibit the highest σ, which are comparable within error. Of the polyethers synthesized in this study, C 2 EO 5 has the shortest carbon linker (two) and the longest consecutive segment of ethylene oxide (EO) monomers (five); thus, C 2 EO 5 has the largest mole fraction of oxygen, x 0 (Table 1) , of the C x EO y polymers. Similarly, C 6 EO 4 has the lowest x 0 and exhibits the lowest σ. As one might anticipate, results from Figure 3 suggest that there is a relationship between the x 0 and σ.
To further explore this relationship, in Figure 4a we plot σ of the C x EO y polyethers and PEO as a function of x 0 at r = 0.08 and 90°C. The measured conductivities of the polymers are within a narrow range between 6.5 × 10 −4 and 1.7 × 10 −3 S/ cm. In some cases increasing the linker length increases σ (C 2 EO 4 vs C 4 EO 4 ), while in other cases it decreases σ (C 2 EO 5 vs C 4 EO 5 ). Similarly, an additional consecutive EO unit in the monomer may either increase σ (C 2 EO 4 vs C 4 EO 5 ) or decrease σ (C 4 EO 4 vs C 4 EO 5 ). The lack of clear trends in this data most likely results from two competing effects upon the addition of carbon linkers. Namely, the presence of the linkers dilutes the density of lithium ion solvation sites (making hopping between sites less probable) but simultaneously changes the thermal properties of the polymer melt. Figure 4b shows the glass transition temperature, T g , of the C x EO y and PEO electrolytes at a salt concentration of r = 0.08. It is evident that decreasing x 0 decreases T g due to increased chain flexibility. It is generally accepted that more flexible chains promote ion transport due to rapid segmental motion. 8,51−54 In an attempt to decouple the effects of solvation-site density and segmental motion, we calculate a reduced conductivity, σ r . Similar approaches have been used previously in analysis of experimental data from polymer electrolytes. 5,55−57 To calculate σ r , we use a modified Vogel−Tammann−Fulcher (VTF) equation where the temperature is defined to be a fixed distance (75 K) above the measured T g of the electrolyte:
The two dotted curves in Figure 3 show VTF fits for C 2 EO 5 and C 6 EO 4 (other fits are omitted for clarity). These fits enable estimation of a pseudoactivation energy, E a , and a prefactor, A. Figure 4c shows σ r of the C x EO y polyethers and PEO as a function of x 0 . Once the contribution from T g differences is corrected for it becomes clear that the reduced conductivity is a monotonically increasing function of x 0 . In other words, decreasing the linker length or the addition of an EO unit leads to an increase in σ r . Since the VTF curves for the polymers are essentially parallel, the dependence of σ r on x 0 is qualitatively similar to that seen in Figure 4c at all values of T − T g . All of the electrolytes in Figure 4c have a fixed salt concentration of r = 0.08; as r
, electrolytes with a lower x 0 value will typically have fewer salt molecules per unit volume. Consequently, it is unclear whether the trend observed in Figure 4c is due to changes in molecular structure or simply results from changes in volumetric density of charge carriers in the electrolytes.
To isolate the effect of monomer structure on conductivity, we define a new variable that we call the experimental connectivity, f exp : The ratio of σ r /σ r,PEO at a given r and T − T g quantifies the conductivity of a C x EO y electrolyte relative to that of PEO, correcting for the different T g values of the C x EO y electrolyte. The ratio of x 0,PEO /x 0 represents the ratio of the moles of salt in a C x EO y electrolyte relative to that of PEO, given that r
, approximately correcting for differences in the volumetric density of salt (see the SI-3). The use of mole fractions in eq 4 requires two main assumtions: (1) the salt does not contribute to the overall volume, and (2) all atom moieties (i.e., O or CH 2 ) have the same partial molar volume. Equation 4 is similar to the expression for conductivity in block copolymer systems where a morphology factor is used to describe the constraints on ion transport imposed by the geometry of the conducting phase.
58−60 The strategy is also somewhat similar to work that compared conductivities of liquid electrolytes at the same dielectric constant, 61 but here we compare conductivities in ether-based polymer electrolytes at the same r and T − T g . Figure 5 is a plot of f exp versus x 0 . This plot shows that f exp increases monotonically with increasing x 0 . Since other effects have been factored out, the change in f exp with x 0 is attributed to changes in the local environment of the lithium ion. As x 0 is decreased, there are likely more carbon linker segments and fewer EO segments in the vicinity of each solvated lithium ion. Assuming the carbon linkers are ionically insulating, polymers with a lower x 0 are expected to exhibit slower lithium ion diffusion, as it takes longer for the ion to hop to an adjacent solvation site. Thus, f exp , is an experimentally determined quantity that is expected to report on the proximity of lithium ion solvation sites.
In Figure 6a , we plot f exp versus x 0 at r = 0.08 and different reduced temperatures. We find that there is a linear relationship between f exp versus x 0 that is to a good approximation, independent of T − T g . To investigate the behavior of f exp across different salt concentrations, the analysis was repeated at different values of r, and the results for f exp values are shown in Figure 6b . Data for σ, T g , and σ r at all salt concentrations used to obtain the f exp values in Figure 6b are provided in SI-4. In Figure 6c we show results for f exp at all values of r at different obtained by a linear fit of the data in Figure 6c . Figure 6 provides justification for the normalization scheme used in this study. It is evident from Figure 6 that when polymer electrolytes are compared using σ r and differences in the volumetric density of salt are factored out using x 0 , ion transport is related to a parameter (f exp ) that is largely independent of temperature and salt concentration. It appears as though f exp is an intrinsic property of the neat polymer in the absence of salt.
Molecular Dynamics Simulations. We now use MD simulations to further understand how varying the composition of the C x EO y polymers affects lithium ion solvation and polymer properties, including the connectivity between possible lithium ion solvation sites. Figure 7 presents an analysis of the lithium ion solvation environments observed during MD simulations of the C 2 EO y polymers in the presence of an isolated lithium ion. Representative snapshots of the lithium ion solvation shell are shown in Figure 7a . In all cases, the lithium ion coordinates with one or two contiguous sequences of oxygen atoms, which is similar to coordination environments previously observed in PEO. 8, 37, 62 While complexation by a single contiguous sequence of oxygen atoms is expected to be difficult in the presence of carbon linkers, the snapshots for C 2 EO 3 and C 2 EO 4 depict configurations for which the lithium cation indeed coordinates with oxygen atoms separated by a linker. In general, the snapshots display strikingly similar solvation environments in terms of the number of coordinating oxygen atoms despite the changing frequency of the C 2 linker. This is confirmed in Figure 7b , which shows the lithium−oxygen cumulative distribution function (CDF), and in Figure 7c , which presents the frequency with which different lithium ion binding motifs are observed in the simulations. Both Figure 7b and Figure 7c indicate that lithium ions in the C 2 EO y polymers are coordinated by five or six oxygen atoms, irrespective of the number consecutive EO units; similar findings are anticipated for the C 4 and C 6 linkers based on previous simulation studies. 37, 38 We now focus on neat-polymer simulations, i.e., in the absence of the lithium ion, to examine how the addition of carbon linkers affects both the thermal properties of the polymer and the distribution of lithium ion solvation sites. Figure 8 compares these two properties obtained for the expanded set of polymers (C x EO y for x = 2, 4, and 6 and y = 3− 8). Figure 8a shows that the bulk modulus, B, at 90°C for the polymers generally increases with increasing x 0 . The polymers with C 2 linkers have larger bulk moduli than those with C 4 and C 6 linkers, and PEO (black square) possesses the largest bulk modulus among all the polymers characterized. These results are qualitatively consistent with the experimental observations in Figure 4b that the T g of the electrolytes generally increases with x 0 and decreases with increasing linker length.
In contrast to Figure 8a , Figure 8b shows that the average nearest-neighbor distance, ⟨r nn ⟩, between lithium ion solvation sites generally decreases with increasing x 0 . Here, a solvation site is defined at the centroid of a set of five or more oxygen atoms if each oxygen is also within 3.5 Å of the centroid; two sites are combined if the distance between their centroids is less than r min = 1 Å. The figure shows that modifying the number of contiguous EO units and the length of the linker directly influences the number and proximity of solvation sites. Notably, PEO has the shortest average distance between neighboring lithium ion solvation sites. Figures 8a and 8b combine to highlight a difficulty in designing polymers with enhanced cation diffusivity since increasing the number and proximity of lithium ion solvation sites often increases polymer stiffness, in accordance with the experimental observations in Figure 4a .
Previous work introduced solvation-site connectivity as an intuitive means of explaining trends in conductivity. 37 To examine this effect for the C x EO y polymers, Figure 9 compares the distribution and proximity of solvation sites for PEO, which is the most conductive polymer in Figure 4c , and C 6 EO 4 , which is the least conductive. Figures 9a and 9d C 6 EO 4 has far fewer edges than PEO. Because hopping among solvation sites is a primary mode of lithium ion transport and hopping is typically limited to distances less than 3 Å, 8, 38 having fewer edges between solvation sites is expected to reduce the overall rate of lithium ion diffusion.
From Figures 6, 8b , and 9, it is clear that x 0 plays an important role in both the solvation-site connectivity and f exp . To further establish the relationship between solvation-site connectivity and f exp , we examine three possible metrics for characterizing the solvation-site connectivity from the simulations, including κ (the volumetric density of edges between solvation sites), λ (the linear density of edges projected along a given linear direction), and exp[−⟨r nn ⟩] (a proportionality to a characteristic hopping rate). Figure 10 provides a visual representation of these metrics for PEO. The first metric, κ (Figure 10a) , is computed using
where V is the volume of the simulation cell, the summations run over pairs of solvation sites in the simulation cell, and H(r) is the typical Heaviside step function. Similarly, the second metric, λ (also shown in Figure 10a ), is computed using
where L u is the length of a given linear dimension in the simulation cell, u is a unit vector in the direction of that linear dimension, and · r u ij is the magnitude of the distance vector r ij projected onto u. The third metric, exp[−⟨r nn ⟩] (Figure 10b) , is expected to be proportional to a characteristic hopping rate In (a, d) carbon atoms are gray, and oxygen atoms are red. In (b, e), all polymer atoms are light gray while the solvation sites are depicted as blue spheres. In (c, f), edges between solvation sites are depicted as purple bonds while the polymer is not shown for clarity. The various simulation snapshots have the same size scale; the difference in size between the simulation box for PEO and that of C 6 EO 4 is due to the latter having a larger number of atoms and a lower density. between solvation sites separate by ⟨r nn ⟩, which is computed using (8) where N denotes the number of solvation sites in the simulation cell. All three quantities are likely to increase if the number of sites increases or the distance between solvation sites decreases, and so each reasonably reports on the concept of connectivity. Figure 11 presents the dependence of all three metrics for characterizing the connectivity on x 0 . All of the metrics, which are normalized with respect to PEO, increase with increasing x 0 for a given linker. This is sensible because the number of consecutive EO units is increasing, making lithium ion solvation sites more prevalent. It is interesting to note that polymers with C 6 linkers are characterized by higher connectivity than polymers with C 4 or C 2 linkers when the oxygen mole fraction is comparable, up to x 0 = 0.27. This is likely because the C 6 EO y polymers require more contiguous EO units to achieve the same oxygen mole fractions as the polymers with shorter linkers.
Comparison of Experiment and Simulations. Figure 12 directly examines the correlation between the experimentally calculated f exp and the theoretically derived connectivity metrics. The linear fits shown in Figure 12a −c quantify the relationship between f exp and connectivity. The relationships thus obtained are
i i i exp (9) where C i represent the three connectivity metrics (C 1 = κ/κ PEO , Figure 12 extrapolate to a finite positive value (0.32) as C i approaches 0. One possibility is that the linear relationships in Figure 12 breaks down at 0 < C i < 0.15, perhaps due to a change in ion hopping mechanism in the low connectivity limit (C i < 0.15) or due to the neglect of anion transport or ion−ion interactions in our simulations. Nevertheless, Figure 12 makes clear that f exp , which is obtained from analysis of experimentally measured conductivities of a series of ether-based polymer electrolytes, is strongly correlated with the solvation-site connectivity that manifests in simulations of neat polymers. For other classes of polymers, we have found that the calculated solvation-site connectivity does not necessarily correlate directly with x 0 , 37 and we likewise do not expect that in general for f exp ; in this sense, the results in Figures 5 and 6 are likely a special feature of the class of polyethers considered here. Nonetheless, generally across polymers, we do expect a strong correlation between the experimental and calculated metrics of connectivity, as shown in Figure 12 .
■ CONCLUSIONS
The role of polymer segmental motion and the glass transition temperature on the conductivity of polymer electrolytes has long been appreciated. When comparing polymers with different monomer chemistries, the nature and distribution of ion solvation sites may also play an important role. To investigate these effects, a combined experimental and computational study of ion transport is performed on a systematic set of polymer electrolytes in which aliphatic linkers have been added to a PEO backbone. Experiments are conducted on mixtures of the ether-based polymers and LiTFSI over a wide range of salt concentrations, while the simulations focus on the solvation of lithium ions in the dilute salt limit and the distribution of available lithium solvation sites in neat polymers.
The experimentally measured conductivities are affected by a variety of often competing factors, including T g and also the density of available ion solvation sites. To isolate the effects of these factors, we employ a two-step normalization scheme. In the first step, VTF fits are used to calculate a temperaturedependent reduced conductivity, σ r (T − T g ), which is defined as the conductivity of the electrolyte at a fixed value of T − T g . This step mitigates differences in the conductivity of polymers that arise due to disparities in T g . In the second step, we compute a dimensionless parameter f exp , defined as the ratio of the reduced molar conductivity of the electrolyte of interest to that of a reference polymer (PEO) at a fixed salt concentration. This parameter is used to assess to what extent changes in conductivity can be attributed to factors other than T g , such as due to differences in the connectivity of solvation sites. Remarkably, within the set of polyethers studied, f exp is shown to depend only on oxygen mole fraction, x 0 , and is largely independent of temperature and salt concentration. This suggests that f exp is an intrinsic property of the neat polymer that distinguishes the conductivity of polymers at a given concentration and T − T g . Molecular dynamics simulations conducted on neat polymers and polymers in the presence of an isolated lithium ion are used to develop molecular insight for f exp and its dependence on x 0 . The latter simulations are used to identify the nature of lithium ion solvation sites, and the distribution of such sites is examined in simulations of neat polymer systems. We introduce three metrics for quantifying the connectivity among solvation sites using simulation (C 1 = κ/κ PEO , C 2 = λ/λ PEO , C 3 = exp[−⟨r nn ⟩]/ exp[−⟨r nn ⟩ PEO ]). In the range 0.15 < x 0 < 0.33, we find that f exp is correlated with the various connectivity metrics according to f exp = 0.32 + 0.71C i . The simulations thus provide molecular insight into the underpinnings of f exp . Namely, f exp reports on the proximity of lithium ion solvation sites in the polymer, which is essential in facilitating lithium ion diffusion in polymer electrolytes.
On the basis of these analyses, we present a universal equation using σ PEO (r,T), the well-established dependence of conductivity of PEO electrolytes on salt concentration and temperature 
where the last term is obtained by linear fit of the f exp data in Figure 6 . Note that T g refers to the glass transition temperature of the polymer/salt mixture, which can be either measured or approximated using the data presented in this paper (see SI-5).
The practical value of eq 10 is that the conductivity of etherbased electrolytes at salt concentrations and temperatures similar to those in this study can be easily predicted on the basis of its molecular composition. This equation highlights two approaches that may be employed for designing polymer electrolytes with improved conductivity: (1) increase f exp while keeping T g close to that of PEO or (2) decrease T g while keeping f exp close to unity. 
